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: PURPOSE: To eliminate the need to form an element as a thin piece and to use an Si 
substrate as a heat sink by providing an optical waveguide in a recessed part of the Si 
substrate and coupling the waveguide with the element. 

CONSTITUTION: The optical waveguide 2 is formed in the recessed part 10a of the Si 
substrate 1 0 and a semiconductor laser 4 is provided to its projection part 1 0b by p-side 
down bonding. The waveguide 2 consists of a core layer 2a, a buffer layer 2b, and a clad 
layer 2c and the top surface of the layer 2b is in level with the top surface of the projection 
parr 10b. For the purpose, the distance l t from the top surface of the layer 2b to the center 
of the layer 2a is set equal to the height (I) from the top surface of the projection part 1 0b 
to an active layer 4a and then the laser 4 and waveguide 2 are finely positioned without 
polishing the substrate of the laser 4. Further, the laser 4 is bonded directly onto the 
substrate 1 0, so the substrate 10 is usable as the heat sink. 
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SPECIFICATION 

1 . Title of the Invention: Hybrid Optical Integrated Circuit 

2. Claims 

(1) A hybrid optical integrated circuit comprising: a silicon substrate with a surface on 
which a recess and a protrusion are formed, an optical guide formed on the recess of said 
silicon substrate, and optical devices that are mounted on the relief of said silicon 
substrate, wherein said optical guide and the optical devices are coupled. 

(2) The hybrid optical integrated circuit of Claim 1, wherein said optical guide is 
provided on said recess in a condition where its buffer layer is formed on the upper 
surface of said recess. 
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3. Detailed Description of the Invention 
(Field of Industrial Application) 

This invention is directed at a hybrid optical integrated circuit in which an optical 
guide and optical devices, such as semiconductor lasers, are integrated in a composite 
manner. 

(Prior Art and the Problems to Be Solved by the Invention) 

For size reductions, reliability improvement, and cost reductions in various optical 
circuits necessary in the fields of optical communications and optical information 
processing, the realization of a hybrid optical integrated circuit that integrates optical 
guides and various optical devices that are formed on a silicon substrate is needed. 
Essential to the realization of a hybrid optical integrated circuit is the efficient optical 
coupling of optical guides and optical devices on the same substrate. 

Fig. 8 shows a prototype for this type of hybrid optical integrated circuit; it is an 
example wherein quartz optical guides and semiconductor lasers formed on a silicon 
substrate are integrated. (H. Terui, Y. Yamada, M. Kawachi, and M. Kobayashi. Hybrid 
Integration of a Laser Diode and High-Silica Multimode Optical Channel Waveguide on 
Silicon, Electron. Lett. Vol 21, pp. 646-648, 1985). 

In Fig. 8, Reference Number 1 denotes a silicon substrate and 2, an optical guide, 
with a three-layer structure: a core layer 2a, a buffer layer 2b, and a clad layer 2c. 
Reference Number 3 denotes a laser guide; 4, a semiconductor laser; and 4a, its activation 
layer. Reference Number 6 denotes a power supply wire; and 7, a conducting film. The 
semiconductor laser 4 is pressed against the laser guide 3 so that it is properly aligned 
with the optical guide 2. The height L 0 from the surface of the silicon substrate 1 to the 
center of the activation layer 4a for the semiconductor laser 4 with the semiconductor 
laser 4 mounted on the substrate 1 is set to L 0 = L 0 i so that this height is equal to the 
height Loi of the center of the core 2a of the optical guide 2. Therefore, by simply 
mounting the semiconductor laser 4 on the silicon substrate and aligning it horizontally 
with the positions of the wave guide and the laser activation layer, the laser and the 
waveguide can be aligned with each other. In this case, because the semiconductor laser 
4 is directly in contact with the silicon substrate, the silicon substrate can act as a heat 
sink for the laser. In the above structure, however, in order to make the height L 0 of the 
laser activation layer 4 equal to the height L 0 i of the center of the core of the waveguide, 
the substrate for the semiconductor laser 4 needs to be ground to the required thickness. 
This creates the following problems: In a multimode system 2, the optical guide 2 has 
layers of the following thickness values: the core layer, approximately 50 |am; the buffer 
layer, approximately 15 ^m; and the clad layer, approximately 5 ^m. In a single-mode 
system, the core layer is approximately 10 \im thick; the buffer layer, approximately 20 
nm; and the clad layer, approximately 10 ^im. Therefore, to effect the equality L 0 = L 0 i, 
the thickness of the substrate for the semiconductor laser needs to be reduced to 
approximately 40 nm with respect to the multimode system, and to approximately 25 urn 
with respect to the single-mode system. Moreover, the multimode system requires a 
thickness precision of ±3 |xm and the single-mode system, ±1 |im, which are stringent 
requirements. GaAs and InP materials that form a semiconductor laser are fragile. It is 
difficult to grind them thinly to the required level of precision. In particular, it is difficult 
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to bond a thin semiconductor laser, as in the case of a single-mode system, to a silicon 
substrate, which has been a significant problem in the formation of a hybrid optical 
integrated circuit. A method for realizing a precise alignment in the height direction 
without requiring the grinding of the semiconductor laser 4 is the P-side down bonding 
method, illustrated in Fig. 9, in which the activation layer 4a of the semiconductor laser 4 
is held face down. In this method, it suffices to make the thickness L of the epitaxial 
growth layer on the activation layer 4a of the semiconductor laser agree with the height 
Lj of the center of the waveguide core layer. Because the thickness of the epitaxial 
growth layer is approximately 5 ^m at most, it is easy to determine this thickness with a 
precision of ±1 nm. In this case, however, conversely with Fig. 8, the height L\ must also 
be set to approximately 5 jam, which restricts the thickness of the waveguide core layer to 
less than 10 jim. Therefore, this method is applicable only to single-mode systems. 
Further, if the core layer is approximately 10 ^im thick, the buffer layer must also be 10 
jim thick at a minimum. Therefore, if the P-side down bonding process of Fig. 9 is to be 
conducted, the semiconductor laser 4 cannot be brought into direct contact with the 
silicon substrate 1, and thus the silicon substrate cannot be used as a heat sink. In this 
case, a separate heat sink 8 must be provided, which detracts from the purposes of 
reducing the size of optical integrated circuits and increasing their packing density. 

The purpose of the present invention is to provide a hybrid optical integrated circuit 
wherein the need for reducing the thickness of the semiconductor laser, which has been a 
problem in attempts to integrate optical guides and semiconductor lasers, is eliminated 
and the silicon substrate can be used as a heat sink, so that both a size reduction and an 
increased packing density are achieved. 

(Means of Solving the Problems) 

In a hybrid optical integrated circuit in which optical devices, such as semiconductor 
lasers, are optically coupled with optical guides on a silicon substrate, the present 
invention comprises: forming a recess and a relief on the surface of a silicon substrate, 
forming an optical guide on the recess, and mounting optical devices on the relief. 

(Embodiments) 

Fig. 1 (a) and 1 (b) illustrate Embodiment 1 of the present invention. Reference 
Number 10 denotes a silicon substrate that contains a recess 10a and a relief 10b. 
Reference Number 2 denotes a quartz optical guide that is formed on the recess, where 2a 
denotes a core layer; 2b, a buffer layer; and 2c, a clad layer. Reference Number 4 
denotes a semiconductor laser; 4b, its activation layer; and 7, a conducting film. In this 
embodiment, the buffer layer 2b is formed in such a way that it fills the recess 10a of the 
silicon substrate 10. The height of the top surface of the buffer layer 2b is made equal to 
the height of the top surface of the relief 10b of the silicon substrate. Therefore, by 
making the distance L\ from the top side of the buffer layer 2b to the center of the core 
layer 2a equal to the top side of the relief 10b to the activation layer 4a when the 
semiconductor laser 4 is bonded P-side down onto the silicon substrate, it is possible to 
precisely align the semiconductor laser 4 with the optical guide 2 in the height direction 
without grinding the substrate for the semiconductor laser 4. Moreover, in this case, the 
direct bonding of the semiconductor laser 4 onto the silicon substrate 10 permits the use 
of the silicon substrate 10 as a heat sink. 
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The optical integrated circuit of this structure can be fabricated as illustrated in Fig. 2 
(a) - (e). In the following, we describe the fabrication process in the indicated order. 
Fig. (a) shows the process for the formation of a recess 10a and a relief 10b on the silicon 
substrate 10. For this purpose, the dry-etching of the silicon substrate by means of CBrF 3 
gas or the wet-etching (anisotropic etching) of the silicon substrate by means of an 
alkaline etchant can be employed. The dry-etching creates an almost vertical topology on 
the silicon substrate. By contrast, the wet-etching produces an oblique topology. Fig. (b) 
shows the process for the formation of a buffer layer 10b on the silicon substrate on 
which the recess 10a and the relief 10b are already formed. For this purpose, a method 
(flame deposition method) (Patent Application Number S58-1473; H. Kawachi et al., 
Electron. Ltt., 19 (1983) 583) is employed wherein raw material gases such as SiCl 4 and 
TiCL are hydrolyzed and decomposed in an oxygen/hydrogen flame to cause them to be 
deposited onto the silicon substrate 10, after which the substrate is heated at a high 
temperature in an electric furnace to render it into transparent glass. Fig. (c) shows the 
process wherein any excess buffer layer is removed, the surface of the relief 10b on the 
silicon substrate is exposed, and the substrate is planarized to this height. For this 
process, either mechanical grinding or the dry-etching of a quartz-type glass film by 
means of freon-based gas such as C 2 F 6 can be employed. Fig. (d) shows the process for 
the formation of a core layer 2a and a clad layer 2c on the planarized optical integrated 
circuit substrate. This process can be conducted by employing the flame deposition 
method that was used in Fig. (b). Fig. (e) shows the process wherein any excess quartz 
waveguide is subjected to photolithography, followed by removal by means of dry- 
etching using a freon gas such as C 2 F 6 . As a result, the silicon substrate in the 
waveguide relief portion is exposed again. Finally, an Ag-Sn alloy film, for example, as 
a conducting film is formed by vapor deposition on the surface of the exposed relief 
portion 10b of the silicon substrate, after which a semiconductor laser is mounted and 
fixed by P-side down-bonding. This completes the bonding process. In this process, it 
suffices to control either the thickness of the epitaxial growth layer for the semiconductor 
laser 4 or the thickness of the conducting layer so that the height L, which is the sum of 
the distance from the activation layer 4a of the semiconductor laser 4 to the top side of 
the laser and the height of the conducting film 7, equals the height Lj of the core center of 
the conducting guide 2. 

Embodiment 2 

Fig. 3 illustrates Embodiment 2 of the present invention. This embodiment differs 
from Embodiment 1 in that the height of the top side of the relief 10b of the silicon 
substrate does not match the height of the top side of the optical guide buffer layer 2b. In 
Fig. 3, the height L of the activation layer 4a for the semiconductor laser 4 from the relief 
10b of the silicon substrate is less than the center height Li of the waveguide core layer 
2a. Because a topology L 3 (= Lj - L) is provided between the top side of the buffer layer 
2b and the top of the relief 10b for the silicon substrate, the heights of the semiconductor 
laser 4 and the optical guide 2 can be matched by bonding the semiconductor laser 4 onto 
the top of the relief 10b of the silicon substrate by means of P-side down bonding. In the 
case of a multimode optical guide, wherein the thickness of the core layer may be greater 
than the thickness of the epitaxial layer that is grown to the top surface of the activation 
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layer for the conducting laser, for example, the optical circuit structure of this 
embodiment can be effective. 

The optical circuit of this structure can be fabricated in the following process, for 
example: In the first step, using a method similar to Fig. 2 (a), (b), and (c), recesses and 
reliefs are created on a silicon substrate, after which a quartz optical guide buffer layer is 
formed and the surface of the substrate is planarized. Subsequently, the quartz optical 
guide buffer layer is etched in order to create topologies of a prescribed size, as illustrated 
in Fig. 4. Methods that can be used for this purpose include dry-etching using a freon- 
based etching gas (e.g., C 2 F 6 ). In this process, a difference in the etching rate between 
the quartz glass film and the silicon substrate creates a topology. Subsequently, a core 
layer 2a is formed on this structure, as shown in Fig. 4 (b), after which a clad layer is 
formed, and then a quartz optical guide is formed. In this case, in contrast to 
Embodiment 1, some topology occurs on the surface of the substrate in this embodiment. 
This topology reflects the topology between the top of the relief 10b on the silicon 
substrate and the top of the buffer layer 2b in Fig. 4 (a). If this topology is so large that it 
can impact the subsequent optical guide patterning process, the surface is planarized by 
mechanical polishing, as illustrated in Fig. 2 (c). Finally, it suffices to remove any excess 
quartz optical guide by performing the process depicted in Fig. 2 (e). 

Fig. 5 shows Embodiment 3 of the present invention, wherein a plurality of 
semiconductor lasers 4 are mounted on a substrate. If a plurality of semiconductor lasers 
are to be bonded P-side down in such a manner that each device will operate 
independently, the electrodes on the P side of a semiconductor laser must be insulated for 
each device. For this purpose, in this embodiment, a method is employed (e.g., J.D. 
Crow et ah, Gallium arsenide laser-array-on-silicon package, Appl. Opt., Vol. 17, 479 
(1978)) wherein p-n junctions are formed on the silicon comprising the substrate and a 
reverse bias is applied to them. Specifically, a p-type substrate is used as the silicon 
substrate 10, and a dopant is diffused in the relief 10b for the silicon substrate to form an 
n-type region lOn. In addition, in this embodiment the reliefs 10b on the silicon substrate 
are formed independently for each device. In the figure, Reference Number 7b denotes a 
conducting film. Because the reliefs 10b on the silicon substrate are fabricated as 
described above, insulation for each device can be maintained when the semiconductor 
laser 4 is bonded p-side down onto the reliefs, as shown in Fig. 6. In this manner, a 
forward bias is applied to the semiconductor laser 4. In this situation, the semiconductor 
laser 4 assumes a reverse bias condition in which the potential of the n-type region lOn is 
higher than the potential of the p-type region lOp. As a result, a depletion layer lOi 
devoid of any dopants spreads in the p-n junction, which causes the p-type and n-type 
regions on the silicon substrate to be insulated from each other. Further, trenches deeper 
than the p-n junction layer are formed between the reliefs 10b on the silicon substrate. 
Consequently, the n-type regions lOn formed on the top surface of each relief 10b are 
electrically insulated from one another. Because in this embodiment the sizes of the 
optical guide 2 and the semiconductor laser 4 satisfy the relationship described in 
Embodiments 1 and 2, the semiconductor laser can be mounted on the relief of the silicon 
substrate for optical coupling with the optical guide 2. Further, because the silicon 
substrate acts as a heat sink, as noted above, the integration of hybrid devices does not 
require the provision of separate heat sinks, which permits the mounting of devices on the 
substrate in a high packing density. 
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Embodiment 4 

Fig. 7 shows Embodiment 4 of the present invention. Whereas the above- 
described Embodiments 1 - 3 relate to ridge-type waveguides, this embodiment provides 
an example of an embedded-structure waveguide. In Fig. 7, a quartz optical guide buffer 
layer 2b is formed in a recess on the silicon substrate and a core layer 2a is formed on the 
buffer layer. Finally, an embedded clad layer 2d is formed on this structure. The heights 
of the top of the buffer layer 2b and the top of the relief 10b of the silicon substrate are in 
agreement. Let Lj denote the height from the top of the buffer layer 2b to the center of 
the core layer 2a. Similarly, let L denote the distance from the top of the relief 10b to the 
activation layer 4a when the semiconductor laser 4 is mounted on the conducting layer 
(e.g., Ag-Sn) 7 for the relief 10b on the silicon substrate by means of p-side down 
bonding. By setting Li = L, the height of the semiconductor laser 4 and the height of the 
core layer for the optical guide 2 can be made equal, provided that the semiconductor 
laser is mounted on the substrate. Further, Reference Number 3a denotes a laser guide, 
which permits the horizontal position alignment of the laser with the waveguide. Thus, 
as described above, the hybrid integration of optical devices can be accomplished with 
respect to the embedded structure, as in the case of the ridge-shaped waveguide. 

Although in Embodiments 1 - 3 above, quartz waveguides are principally used as 
optical guides, such optical guides do not need to be restricted to quartz, as long as they 
can be formed on a silicon substrate, are amenable to etching, and can withstand the high 
temperature (approximately 350° C) required for the bonding of optical devices. 
Similarly, optical devices that are mounted are not limited to semiconductor lasers. For 
example, photodiodes and active devices (e.g., modulators) consisting of LiNb0 2 or 
semiconductors can be used. Although in the above embodiments 1 - 3, no guides for 
optical device position alignment are used, guides can be used as in the case of 
Embodiment 4. 

The hybrid optical integrated circuits of these embodiments, in contrast to 
conventional optical integrated circuits, can effectively use not only waveguides, but also 
silicon substrates. Therefore, they offer potential applications to the field of large-scale 
optico-electronic integrated circuits, such as optical interconnect circuits (Patent 
Application S6 1-48081) in which optical guide circuits, semiconductor optical devices, 
and electronic circuits are integrated. 

(Effects of the Invention) 

According to the present invention, in a hybrid optical integrated circuit wherein 
optical devices and optical waveguides are optically coupled on a silicon substrate, 
recesses and reliefs are formed on the surface of the silicon substrate, and optical 
waveguides are formed on said recesses together with the mounting of optical devices on 
the reliefs. Thus, the present invention offers the advantage of permitting the hybrid 
integration of optical devices without the need to make the optical devices into thin 
pieces on the substrate. As such, the present invention is especially beneficial for single- 
mode hybrid optical integrated circuits. Further, because in the present invention, the 
silicon substrate can act as a heat sink for the optical devices, the need for providing a 
heat sink for optical devices is eliminated. This permits the mounting of optical devices 
in a high packing density, which is an advantage. 
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4. Brief Description of Drawings 

Fig. 1 (a) and (b) show Embodiment 1 of the present invention, wherein Fig. 1 (a) is 
a slanted-view diagram and Fig. 1 (b) is a lateral cross-sectional view. Fig. 2 (a) - (e) 
describe the method for fabrication of the circuits of Fig. 1 (a) and (b). Fig. 3 is a lateral 
cross-sectional diagram of Embodiment 2 of the present invention. Fig. 4 (a) and (b) 
describe the method for fabrication of the circuits of Fig. 5. Fig. 5 is a slanted-view 
diagram that describes Embodiment 3 of the present invention. Fig. 6 illustrates the 
principles underlying Embodiment 3. Fig. 7 is a slanted-view diagram of Embodiment 4 
of the present invention. Fig. 8 is a slanted-view diagram of a conventional optical 
integrated circuit. Fig. 9 is a lateral cross-sectional view of a conventional optical 
integrated circuit. 

2 . . . Optical waveguide 
2a . . . Core layer 
2b... Buffer layer 
2c ... Clad layer 

4 . . . Optical device (semiconductor laser) 
4a . . . Activation layer 
10 ... Silicon substrate 
10a ... Recess 
10b ... Relief 

Applicant: Japan Telegraph and Telephone Corporation 
Agent: Masatake Shiga, Patent Attorney (sealed) 
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